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Regulation of actin dynamics: The LIM kinase connection
Sean Lawler
A signalling pathway has recently been delineated that
connects Rho-family GTPases to the cytoskeleton via
LIM kinase and the F-actin depolymerising protein
cofilin. The existence of this pathway helps to explain
some of the effects of LIM kinase and cofilin in the
control of actin dynamics.
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Actin is a remarkable protein which lies at the heart of cell
morphogenesis and motility in eukaryotes. It forms a
variety of complex, dynamic structures in response to
many different stimuli. For example, in cell movement a
thin sheet-like lamellipodium extends at the leading edge
of the cell; actin polymerisation drives the plasma mem-
brane forward, and the rest of the cell follows as a result of
a contractile process mediated by actin and myosin. This
highly coordinated process is controlled by a seemingly
bewildering range of associated proteins and other factors,
including lipid messengers. Understanding how the
cytoskeleton is properly controlled is a major challenge.
Some clues are emerging, one of which is provided by a
newly defined signalling pathway linking Rho-family
GTPases directly to actin dynamics.
The Rho-family of small GTPases — Rho, Rac and
Cdc42 — play a central role in the regulation of actin
dynamics, and also transcription, in response to extracellu-
lar stimuli [1]. They act like molecular switches, which
are induced by binding GTP to adopt the active confor-
mation capable of interacting with specific downstream
effector mol-ecules. Pioneering work in the early nineties
showed that Rho, Rac and Cdc42 cause actin to form
stress fibres, lamellipodia and filopodia (microspikes),
respectively [1]. These effects are mediated by the coor-
dinated action of multiple signalling pathways, one of
which involves the inactivation of cofilin. Cofilin is essen-
tial for cellular processes that require rapid actin filament
turnover, such as cell motility, cytokinesis and endocyto-
sis; it acts by directly binding to, and promoting disassem-
bly of, actin filaments [2]. Phosphorylation of cofilin on
serine 3 blocks this activity, and is regulated by stimuli
which affect actin dynamics. 
Over the past year, evidence has accumulated that an
enzyme known as LIM kinase is responsible for cofilin
phosphorylation in vivo [3,4]. Firstly, LIM kinase directly
phosphorylates cofilin on serine 3. The two proteins inter-
act, and colocalise inside cells at sites of high actin
turnover, such as the leading edge of a lamellipodium. In
studies using transfected cells, LIM kinase was found to
cause F-actin accumulation, consistent with a role in
cofilin inactivation. Cofilin phosphorylation and F-actin
accumulation were found to be increased on expression of
constitutively-active Rac, and decreased on expression of
dominant-negative Rac [3,4]. Furthermore, active Rac
increased LIM kinase activity, and catalytically inactive
LIM kinase blocked Rac’s effects. These observations
provide evidence for a signalling pathway connecting Rac
to the cytoskeleton via activation of LIM kinase and phos-
phorylation of cofilin. Rac does not activate LIM kinase
directly, however, and the intervening step(s) remained
unclear, until the recent discovery of other protein kinases
linking Rho-family GTPases to LIM kinase activation.
Members of the ‘p21-activated protein kinase’ (PAK)
family are known to be activated by interaction with
GTP bound Rac/Cdc42. There is evidence that PAKs
relay signals to the cytoskeleton, and they appear to
reduce actomyosin-based contractility through effects on
the phosphorylation of myosin light chain [1,5]. In their
recent study, Edwards et al. [6] examined whether PAK1
could mediate the effects of Rac on LIM kinase. They
found that PAK1 increased LIM kinase activity in vitro,
and that this stimulation was enhanced by active Rac or
Cdc42. In cells, LIM kinase and PAK1 were found to
colocalise in lamellipodia, and their interaction was stim-
ulated by Rac. A catalytically-inactive form of LIM
kinase interfered with the ability of Rac/Cdc42 or PAK1
to  induce morphological changes. These observations
indicate that PAK1 plays a role in actin dynamics, linking
Rac to LIM kinase and cofilin.
PAK1 is not alone in its ability to activate LIM kinase.
Maekawa et al. [7] recently examined signalling during
lysophosphatidic acid (LPA)-induced neurite retraction in
NIE-115 neuroblastoma cells. They found that this Rho-
dependent process could be blocked by Y-27632, an
inhibitor of the ‘Rho-associated protein kinase’ ROCK.
Like PAK, ROCK binds to, and is activated by, a GTPase
— in this case GTP–Rho, and ROCK is thought to
mediate many effects of Rho. Cofilin again appeared to be
involved, as its phosphorylation in response to LPA was
blocked by Y-27632, suggesting ROCK involvement in
cofilin phosphorylation. Cofilin phosphorylation was also
blocked by the Rho inhibitor C3-transferase, and ROCK
expression in transfected cells led to the phosphorylation
of cofilin on serine 3, confirming the Rho–ROCK link.
Cofilin could not, however, be phosphorylated by ROCK
in vitro, suggesting the presence of an intermediary kinase
in this process. The obvious candidate, LIM kinase, was
found indeed to be stimulated by ROCK, both in vitro and
in transfected cells, suggesting a Rho→ROCK→LIM
kinase→cofilin pathway (Figure 1).
PAK1 activates LIM kinase by phosphorylation of
threonine 508, which resides on a part of the protein
known as the ‘activation loop’ [6]. Mutation of threonine
508 to valine destroys LIM kinase activity, whereas
replacement with two glutamic acid residues to mimic
phosphorylation causes constitutive activation. Phospho-
ryl-ation of threonine 508 by PAK1 — and probably also
by ROCK — is likely to be an important physiological
mechanism of LIM kinase activation. In support of this,
the kinase activity of PAK1 or ROCK was found to be
essential for cofilin inactivation [6,7]. These experiments
suggest a model in which PAK1 or ROCK undergoes a
conformational change on binding to an active GTPase,
which allows phosphorylation of LIM kinase, which in
turn phosphorylates and inactivates cofilin (Figure 1).
The existence of cellular mechanisms that counter this
process is suggested by the observation that phorbol
ester treatment of NIH3T3 cells reduces actin stress
fibre levels and inhibits LIM kinase activity and cofilin
phosphorylation [3]. This effect is presumably mediated
by protein kinase C activation and reflects the action of
protein phosphatases that reduce the cofilin phosphory-
lation level when LIM kinase is inhibited. Interestingly,
there are hints that LIM kinase may interact with protein
kinase C through its LIM domains [8].
Other factors may also influence LIM kinase activity. LIM
kinase has a distinctive amino-terminal region comprising
tandem LIM domains and a PDZ domain, which are likely
to mediate protein–protein interactions [9]. Deletion of
this region increases LIM kinase activity independently
of phosphorylation, suggesting an autoinhibitory func-
tion [10]. Also, two inactive splice variants of LIM
kinase have been detected in vivo: one is truncated, con-
sisting of just the amino-terminal region of the protein,
and one has a deletion rendering it catalytically inactive.
LIM kinase may dimerise via its LIM domains, and
both variants might be able to form heterodimers with
active LIM kinase, repressing its activity [3,10]. There
might of course be other proteins in the cell, including
kinases, phosphatases and binding proteins, that regulate
LIM kinase, allowing it to integrate multiple inputs.
Cofilin is the only known substrate of LIM kinase, and
conversely LIM kinase is the only kinase known to phos-
phorylate cofilin. But cofilin synergises with other factors
to depolymerise actin [2], so the process clearly has
further layers of complexity which are poorly understood
at present.
As mentioned above, catalytically-inactive LIM kinase sup-
presses the effects of Rac and Rho on the cytoskeleton. But
this mutant form of LIM kinase blocks only a subset of the
effects of Cdc42 — lamellipodium formation is prevented,
but filopodia still form normally. This might be because
Cdc42-induced lamellipodium formation can be mediated
indirectly, by Rac; it is well documented that these
GTPases can influence one another [1]. Nonetheless, to
achieve their effects, Rho-family GTPases activate multi-
ple signalling pathways, some of which are distinct, and
some of which, like the LIM kinase–cofilin pathway, are
shared. This is exemplified by PAK and ROCK, which
both activate LIM kinase, but that have antagonistic effects
on the contractile actomyosin system: ROCK increases con-
tractility by promoting stress fibre formation, whereas PAK
reduces actomyosin-based contractility. These effects
reflect the activation of different downstream pathways by
the two kinases, though the inactivation of cofilin via LIM
kinase may be important in both cases.
The importance of LIM kinase in the regulation of actin
dynamics has been further emphasised in a screen for
genes encoding proteins that affect the regulation of
transcription by serum response factor (SRF) [11]. The
screen identified LIM kinase as a robust activator of
SRF. When active LIM kinase induces F-actin accumu-
lation, cellular levels of monomeric actin naturally go
down — and it appears that this stimulates SRF. How
SRF senses changes in monomeric actin levels is
unknown at present. Importantly, these data provide a
link between the effects of small GTPases on the
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Figure 1
Signals generated by Rho-family GTPases regulate cofilin activity, and
thereby actin polymerisation, via LIM kinase. (See text for details.)
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cytoskeleton and on transcription. It is interesting that,
out of many proteins that might cause F-actin accumula-
tion, only LIM kinase was isolated in the screen. This
could emphasise the central role played by LIM kinase
in cytoskeletal dynamics, although it is possible that it
reflects a limitation in the method.
LIM kinase is widely expressed — at a particularly high
level in neurons — and is predominantly cytoplasmic,
although nuclear localisation has been observed [9]. Two
LIM kinases have been identified in mammals: LIM
kinase 1 and LIM kinase 2, which show 50% amino-acid
sequence identity and have distinct tissue distribution
patterns [9,12]. LIM kinase 1 has been best studied, but
both forms can phosphorylate and inactivate cofilin [7]. It
is of interest that deletions of the gene for LIM kinase 1
are associated with Williams’ syndrome, a neurological
condition characterised by mild mental retardation and
defects in visuo-spatial cognition. The effects of LIM
kinase on cytoskeletal dynamics may explain these symp-
toms, though the connection is not clear at present [13].
The fact that the LIM kinase–cofilin pathway is
stimulated by multiple upstream GTPases, and possibly
in other ways as well, demonstrates its importance in cell
regulation. The striking effects of overexpressing a
catalytically-inactive form of LIM kinase may further
support this. But studies with transfected cells are notori-
ous for the non-specific effects that can result from the
sequestration of cellular binding partners by the over-
expressed protein. It is encouraging that, in untrans-
fected cells, insulin stimulates membrane ruffles in a
Rac-dependent fashion with similar kinetics to LIM
kinase and PAK1 activation [4,6]. Experiments in various
cell types, the development of cell-permeable kinase
inhibitors and genetic studies using model organisms
will be useful in confirming these observations, and
resolving further details about the pathways. Ever
increasing numbers of protein kinases and phosphatases
are being implicated in cytoskeletal regulation in many
organisms; the new findings of LIM kinase may prove to
be just the tip of the kinase-berg. 
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